Corrosion Studies on Electro Polished Stainless Steels for the Use as Metallic Bipolar Plates in PEMFC Applications  by Richards, Justin et al.
 Energy Procedia  20 ( 2012 )  324 – 333 
1876-6102 © 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre for Renewable Energy.
doi: 10.1016/j.egypro.2012.03.032 
Technoport RERC Research 2012 
Corrosion studies on electro polished stainless steels for the 
use as metallic bipolar plates in PEMFC applications 
Justin Richardsa*, Carsten Cremersb, Peter Fischerb, Kerstin Schmidta 
aFraunhofer Institute for Chemical Technology, Project Group Sustainable Mobility, 38440 Wolfsburg, Germany 
bFraunhofer Institute for Chemical Technology, Applied Electrochemistry, Jospeh-von-Fraunhofer-Straße 7, 76327 Pfinztal 
 
Abstract 
The corrosion resistance of stainless steels in their delivered state and after an electrochemical surface treatment was 
studied by potentiodynamic voltammetry and microscopic analysis. The used electrolyte contained fluoride and 
sulphate ions. The polishing procedure varied with respect to current densities, polishing time and proportion of the 
constituent parts of the electrolyte.  
Only 316L and 316Ti met the DOE target for corrosion in their untreated state. After the electrochemical treatment 
the corrosion current for Al6XN and Al265 decreased by more than 50 % in comparison to the untreated specimen, 
thus meeting the DOE target. 
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1. Introduction 
The general use of metals as a material for bipolar plates is hindered by their low corrosion resistance 
and their high contact resistance which results from the oxide layer formed on its surface. In 2010 Wang 
and Turner [1] summarized studies on metallic bipolar plates and the latest achievements for meeting the 
targets of the DOE (Table 1).  
Table 1.Technical targets for bipolar plates in PEMFC from the U.S. DOE [1] 
Parameter Unit DOE Targets 2015 
Plate Cost $ kW-1 5 
Plate Weight Kg kW-1 <0.4 
H2 Permeation rate m³ s-1 cm-2 <2x10-6 
Corrosion μA cm-2 <1 
Resistivity Ohm cm <0.01 
Flexural Strength MPa >25 
Flexibility % 3-5 
 
Improvements of the corrosion resistance of stainless steels (STS) as bipolar plate material can be 
achieved by increasing the content of corrosion resistant alloying elements like chromium [2]. Other 
techniques for corrosion prevention are surface coating of the bipolar plate material with a conductive 
resistant layer [3] (e.g. titanium nitride) or different electrochemical surface treatment [4], [5], [6], [7], 
[8]. 
  
1.1. History of electrolytic polishing metallic materials 
Since the beginning of the 19th century the electrochemically dissolution and deposition of metals has 
been studied by many researchers [9], [10], [11].  
Today electro polishing of metallic surfaces is used to obtain a high-purity surface for medical 
equipment [12] or for a decorative and lustrous finish of work parts. Electro polishing can also increase 
the chemical stability of many metal materials [11], [13]. Electrolytes formally used for electro polishing 
often exhibited components with a high toxicity, which were also harmful for the environment (e.g. 
hydrofluoric acid and chromic acid). Nowadays the electrolytes contain less dangerous and less polluting 
ingredients like methane sulfonic acid or propanediol [14]. 
1.2. Transpassive electrolytic polishing mechanism 
Most of the mechanisms found in the literature concerning the dissolution of metals in the transpassive 
region do not regard the convectional flow of the fluid caused by the evolution of oxygen on the anode 
during the electro polishing process. Therefore those models are only applicable in the passive region of 
metal dissolution. [14] 
 
Anode:  Me Me+ + e- 
Cathode:  Me+ + e-  Me (requires high Me+ concentrations in the electrolyte [14]) 
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During the transpassive electrolytic polishing process additionally to the electrochemical reaction 
shown above gas evolution takes place. 
 
Anode:  6 H2O  4e- + 4 H3O+ + O2  
Cathode:  H3O+  H2O + H2  
 
1.1.1 Nomenclature 
 
DMFC  Direct methanol fuel cell 
DOE  Department of Energy of the United States of America 
m%  mass fraction 
MEG  Methyl Ethyl Glycol; 1,2-propanediol 
MSA  Methane sulfonic acid 
NHE  Normal hydrogen electrode 
OCP  Open circuit potential 
PEMFC  Proton exchange membrane fuel cell 
STS  stainless steel 
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2. Experiments 
2.1. Material Samples 
The choices of the STS samples used in the tests were based on previous researches [15] and the 
availability of the material (Table 2).  
Table 2. Labeling of stainless steel test samples [16] 
American Iron and Steel 
Institute (AISI) 
Material composition Material number 
316L X2CrNiMo17-12-2 1.4404 
316Ti X6CrNiMoTi17-12-2 1.4571 
Al276 NiMo16Cr15W 2.4819 
Al265 NiCr22Mo9Nb 2.4856 
Al6XN X1NiCrMoCuN25-20-6 1.4529 
2.2. Electro polishing setup 
The electro polishing process of the STS specimen was carried out in a two-electrode assembly 
(figure 1). The videos of the electro polishing process were recorded with a Canon PowerShotSX20IS. 
The material samples were fixed between two metallic spacers and served as the working electrode. 
Platinized titan meshes from METAKEM were used as counter electrodes and placed on each side of the 
STS specimen to achieve a homogenous current density distribution on the anode surface, thus optimizing 
a uniform dissolution of the metallic sample [17], [18]. 
The working electrode and the counter electrodes were electrical connected to a Voltacraft plus power 
source (max 40 V DC, max 5 A). The current was set to the fixed values and the potential changed with 
time due to changes in resistance of the cell.  
 
     
Fig 1: CAD-model of the electro polishing setup with a) metallic substrate(anode) and b) platinized titan electrode meshes(cathode) 
a 
b 
b 
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2.3. Electro polishing procedure 
The electrolyte chosen for the polishing procedure consisted of methane sulfonic acid and 
1,2-propanediol. The STS samples were polished at room temperature with different parameters; the 
constituent parts of the electrolyte (70 m% MSA / 30 m% MEG (70/30), 50 m% MSA / 50 m% MEG 
(50/50), 30 m% MSA / 70m % MEG (30/70)), the current densities [19] and the polishing time were 
varied by 50 mA/cm2 for 15 min and 100 mA/cm2 for 10 min. 
Before the polishing process, the samples were cleaned with isopropanol, rinsed with deionized water 
and subsequently dried in air. During the polishing step the electrolyte was not stirred, because a 
supersaturated salt layer has to form on the surface of the specimen as a prerequisite for the electro 
polishing process [18]. 
After the electro polishing process, the samples were cleaned again with deionized water and dried in 
air. The increase in bath temperature due to the ohmic drop in the electrolyte during the electro polishing 
process was recorded. Andrade and colleagues [20] showed that with high bath temperature (~55 °C) the 
polishing time required to obtain a brighter surface is reduced and also the mass loss of the samples 
increase slightly with elevated temperatures. That is why the increase of temperature for each polishing 
procedure was kept equally to obtain qualitative comparable results. The effect of an elevated polishing 
temperature did not find any more consideration in these experiments. 
2.4. Potentiodynamic and potentiostatic measurements 
The electrolyte for the corrosion tests consisted of deionized water containing 1.8 ppm of fluoride (F-) 
and 1.3 ppm of sulfate (SO42-) ions. This electrolyte composition equates literature [21] and experienced 
data displaying a PEMFC cathodic environment.  
The electrochemical experiments were carried out in a corrosion cell composed of a three-electrode 
arrangement. For the ease of use, all tests were done at room temperature. The specimen with an area of 
2.9 cm² served as the working electrode, a platinized titan rod as counter electrode and a Ag/AgCl as 
reference electrode with a potential of 197 mV versus NHE. For each measurement 100 ml of the 
electrolyte were used. 
For the corrosion tests all samples were polarized at -100 mV vs. NHE for 5 min. Subsequently the 
current was interrupted and the open circuit potential (OCP) was recorded for 30 min. After the 
polarization and OCP-measurement the corrosion current was monitored while the potential was changed 
from the measured OCP value in cathodic then in anodic and back in cathodic direction. The turning point 
of the potential in cathodic or anodic direction was when the corrosion current reached |1 mA|. 
3. Results and discussion 
3.1. Electro polishing method 
Figures 2 and 3 show the evolution of oxygen bubbles during the first 60 s of the electro polishing 
process on the surface of 316L in the 50/50 electrolyte. It could be observed that the composition of the 
electrolyte as well as the current density effect the way oxygen is generated on the surface of the working 
electrode. 
A local generation of oxygen bubbles forming in a u-shaped working area was observed for 316L in all 
tested electrolytes but not at all current densities. Where in the 70/30 electrolyte this front was formed at 
50 mA/cm², for the polishing process with the 50/50 electrolyte it also formed at 50 mA/cm² and for the 
30/70 electrolyte it was observed at 100 mA/cm². 
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At the current density of 100 mA/cm² in the 50/50 electrolyte no records of bubbles forming in a u-
shaped working area at the beginning of the electro polishing process could be observed. During this 
polishing process the oxygen evolution was homogenously distributed over the surface of the specimen 
(figure 3). Therefore the dissolution of the metal seemed to propagate homogeneously across the 
complete surface.  
 
 
Fig 2. Transpassive electro polishing process at 50 mA/cm² of alloy 316L in 50/50 electrolyte at various time intervals 
 
 
Fig 3. Transpassive electro polishing process at 100 mA/cm² of alloy 316L in 50/50 electrolyte at various time intervals 
The dissolved alloy can be recognized as a green deposition in front of the electrode. With an 
advanced electro polishing process the dissolved metal can also be observed in the electrolyte (figure 4).  
 
 
Fig 4. Transpassive electro polishing process at 50 mA/cm² of alloy 316L in 50/50 electrolyte after 600 s 
t = 0 s t = 5 s t = 10 s t = 15 s t = 20 s 
t = 25 s t = 30 s t = 35 s t = 40 s t = 60 s 
t = 0 s t = 5 s t = 10s t = 15s 
t = 20s t = 25s t = 30s t = 60s 
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3.2. Optical observation 
The following images were taken with a VHX600 microscope from KEYENCE. The polished side 
does not show the grooves of the fabrication process (figure 5). The polishing effect can be observed best 
by a change in illumination  epi-illumination vs. reflecting mode (figure 6).  
 
  
Fig 5. Microscopic images focus 1000x of alloy 316L after polishing in 50/50 electrolyte at 100 mA/cm² for 10 min; a) untreated, 
b) electro polished 
 
 
 
Fig 6. Microscopic images of the section left side untreated and right side treated, focus 100x of alloy 316L after electro polishing in 
50/50 electrolyte at 100 mA/cm² for 10 min recorded with a) epi-illumination, b) reflecting mode 
The best visual results were achieved with the 50/50 electrolyte for all tested specimen. 
3.3. Electrochemical analysis 
All corrosion exchange current densities were evaluated with the software Thales of the IM6ex through 
a Buttler-Volmer-equation at the corrosion potential of each specimen. 
The untreated samples exhibited an increasing corrosion resistance by the order of Al276 < Al265 < 
Al6XN < 904L < 316Ti < 316L. Only two STS (316L and 316Ti) in their untreated state met the DOE 
target for the corrosion current density (< 1 μA/cm²). 
a) 
a) b) 
b) 
 Justin Richards et al. /  Energy Procedia  20 ( 2012 )  324 – 333 331
After the electrochemical treatment the corrosion current for Al6XN, Al276 and Al265 decreased by 
more than 50 % in comparison to their untreated specimen. For the 904L alloy an electro polishing 
treatment in 50/50 electrolyte showed a decrease in corrosion current so that the DOE target is met. 
However, for the alloys 316L and 316Ti the electrochemical treatment resulted in an increase of the 
corrosion current. Thus after the polishing process in the 50/50 electrolyte at 100 mA/cm² the specimen 
did not meet the DOE target anymore. 
The test results of AL276 display that a corrosion current reduction can be achieved through a high 
polishing current of 100 mA/cm² or an optimization of the electrolyte composition (figure 7b). The best 
results (icorr  1.5 μA/cm²) for this alloy are achieved with an electro polishing procedure at 50 mA/cm². 
 
316L 316Ti 904L Al276 Al265 Al6XN
0
1
2
3
4
5
6
DOE Target
co
rr
os
io
n 
cu
rr
en
t d
en
si
ty
 / 
μA
cm
-2
stainless steel specimen
316L 316Ti 904L Al276 Al265 Al6XN
0
1
2
3
4
5
6
DOE Target
co
rr
os
io
n 
cu
rr
en
t d
en
si
ty
 / 
μA
cm
-2
stainless steel specimen  
316L 316Ti 904L Al276 Al265 Al6XN
0
1
2
3
4
5
6
co
rr
os
io
n 
cu
rr
en
t d
en
si
ty
 / 
μA
cm
-2
stainless steel specimen
DOE Target
 
Fig 7. Corrosion current densities of tested stainless steel specimen untreated and after an electro polishing treatment in different 
electrolytes; a) electrolyte consisting of 70 m% MSA and 30 m% MEG, b) electrolyte consisting of 50 m% MSA and 50 m% MEG, 
c) electrolyte consisting of 30 m% MSA and 70 m% MEG; with  untreated,  electro polished at 50 mA/cm² for 15min,  electro 
polished at 100 mA/cm² for 10 min 
The alloys Al265, Al276 and Al6XN samples electrically polished at 100 mA/cm² in 30/70 electrolyte 
exhibited a lower corrosion current than the samples treated at 50 mA/cm² in 30/70 electrolyte. This 
effect could not be observed for the other alloys or with different polishing parameters. 
In figure 8 the corrosion current densities of the alloy Al265 after different electrochemical treatments 
are plotted against NHE potential. The results clearly show a decrease in corrosion current for the treated 
specimen over the complete potential range. The corrosion potential of the untreated samples is shifted up 
to 80 mV in cathodic direction and compared to the treated sample.  
 
a) b) 
c) 
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Fig 8. Corrosion current densities vs. E (NHE) of Al265 specimen untreated and after an electro polishing treatment in different 
electrolytes at 50 mA/cm² for 15 min;  untreated, electrolyte consisting of 70 m% MSA and 30 m% MEG,  electrolyte 
consisting of 50 m% MSA and 50 m% MEG , electrolyte consisting of 30 m% MSA and 70 m% MEG  
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Fig 9. Corrosion current densities vs. E (NHE) with the focus on the corrosion potential of Al265 specimen after an electro polishing 
treatment in different electrolytes a) at 50 mA/cm² for 15 min and b) at 100 mA/cm² for 10 min;  untreated,  electrolyte 
consisting of 70 m% MSA and 30 m% MEG,  electrolyte consisting of 50 m% MSA and 50 m% MEG ,  electrolyte consisting 
of 30 m% MSA and 70 m% MEG  
The results in figure 9 show no change in corrosion potential for the specimen polished in 30/70 
electrolyte at 100 mA/cm² or 50 mA/cm² other than the specimen polished in 50/50 solution which 
exhibits a shift of corrosion potential of about 50 mV in negative direction.  
A lower corrosion current and a shift of the corrosion potential in cathodic direction are both indicating 
factors for a better corrosion resistance. 
3.4. Electrical resistance 
Besides the increase in corrosion stability for most of the samples the growth of the oxide film on the 
surface of the samples due to the electro polishing procedure leads to an increase in electrical resistance. 
This can be detected for all tested specimen. The STS samples of Al265 and 904L showed the lowest 
a) b) 
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increase (10 % to 50 %) of resistivity after polishing in the 30/70- and 50/50-electrolyte whereas 316Ti 
showed the largest increase (~1900 %). None on the tested samples reached the resistivity of 
100 mOhm*cm which is asked by DOE for metallic bipolar plates (table 1). 
4. Conclusion 
The electrochemical corrosion properties of Al276, Al265 and Al6XN regarding the application as a 
material for metallic bipolar plates in low temperature PEMFC applications can be improved by an 
electro polishing process. The alloy 904L electro polished in 70/30- and 50/50-electrolyte exhibited better 
corrosion properties compared to the untreated material. The samples polished in 30/70-electrolyte 
possessed a lower corrosion resistance. All electrically polished samples of the alloys 316L and 316Ti 
could not reach the corrosion current of the untreated material.  
To achieve optimal electrochemical corrosion properties for the stainless steels in addition to low 
electrical resistances subsequent tests with variations of electrolyte compositions, time and polishing 
currents need to be carried out. 
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